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We have isolated the human GRAF gene (for GTPase regulator
associated with the focal adhesion kinase pp125FAK). This gene was
fused with MLL in a unique t(5;11)(q31;q23) that occurred in an
infant with juvenile myelomonocytic leukemia. GRAF encodes a
member of the Rho family of the GTPase-activating protein (GAP)
family. On the protein level, it is 90% homologous to the recently
described chicken GRAF gene that functions as a GAP of RhoA in
vivo and is thus a critical component of the integrin signaling
transduction pathway. The particular position of the human GRAF
gene at 5q31 and the proposed antiproliferative and tumor sup-
pressor properties of its avian homologue suggest that it also
might be pathogenetically relevant for hematologic malignancies
with deletions of 5q. To investigate this possibility, we sequenced
4–5 individual cDNA clones from 13 cases in which one allele of
GRAF was deleted. We found point mutations within the GAP
domain of the second GRAF allele in one patient. In two additional
patients we found an insertion of 52 or 74 bp within the GRAF
cDNA that generates a reading frame shift followed by a prema-
ture stop codon. GRAF maps outside the previously defined com-
monly deleted 5q31 region. Nevertheless, inactivation of both
alleles in at least some cases suggests that deletions and mutations
of the GRAF gene may be instrumental in the development and
progression of hematopoeitic disorders with a del(5q).

Chromosome abnormalities associated with hematologic malig-
nancies alter the normal structure and function of genes that

control cell proliferation and differentiation either in a positive or
negative fashion (1). Normal cell division is positively regulated or
activated through signal transduction pathways composed of extra-
cellular signals, receptor G proteins, protein kinases, and transcrip-
tion factors (1, 2). The genes encoding such proteins also are known
as protooncogenes, because mutations turn them into dominant
oncogenes with altered properties. Thus, disruption of one allele
generally is sufficient to disturb normal cell division and initiate a
neoplastic phenotype. Such protooncogenes frequently are affected
by chromosome translocations (3). As a result, fusion of the
participating genes leads to either abnormal activation or to the
generation of novel chimeric oncogenes with new functions (3, 4).
The majority of translocations that occur at 11q23 in acute leuke-
mias disrupt the mixed-lineage leukemia (MLL) gene within a small
region of 8.3 kb and fuse it to a variety of different partner genes.
Twenty-three of those MLL-partner genes were cloned and se-
quenced, which make the detection of the leukemia-specific chi-
meric mRNA possible by reverse transcription–PCR (RT-PCR)
(5–9).

The products of many so-called tumor suppressor genes, on
the other hand, inhibit the same signal transduction pathway and
are negative regulators of the cell cycle (10). Because mutations

in these genes act recessively and result in a loss of function,
uncontrolled cell growth takes place only after inactivation or
elimination of both alleles. Most often, one allele is deleted,
whereas the second one may be functionally compromised by
various other mutations. The most common structural aberra-
tions encountered in myelodysplastic syndromes (MDSs) and
acute myeloid leukemias (AMLs) are deletions of the long arm
of chromosome 5 (11–17). Although the size and position of the
deleted segments may vary considerably, band 5q31.1 is consis-
tently lost in 90% of cases (11, 13, 15, 18–20). This finding led
to the notion that this critical region must harbor a tumor
suppressor gene whose loss or inactivation is critical for the
development of these malignant myeloid disorders. However,
the variability of the deletions, the paucity of highly polymorphic
markers, and the large number of attractive candidate genes
within this region has hampered the identification and isolation
of such a gene considerably (11, 13, 15–19).

The detection of a unique t(5;11)(q31;q23) in an infant with
juvenile myelomonocytic leukemia and a MLL gene rearrangement
provided an opportunity to clone another MLL fusion partner gene.
We recovered a member of the GTPase-activating protein (GAP)
family, which we identified as the human homologue of the
described avian GRAF gene (21). Its particular chromosomal
location and its potential growth inhibitory and antioncogenic
properties prompted us to investigate its potential involvement in
hematological malignancies with 5q abnormalities further.

Materials and Methods
Case History. Juvenile myelomonocytic leukemia was diagnosed
in a 4-month-old boy accordingly to the criteria of the European
Working Group on Childhood Myelodysplastic Syndromes (22).
The infant was admitted to the hospital because he had devel-

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: GRAF, GTPase regulator associated with the focal adhesion kinase
pp125FAK; MLL, mixed-lineage leukemia; RT-PCR, reverse transcription–PCR; MDS, myelo-
dysplastic syndrome; AML, acute myeloid leukemia; GAP, GTPase-activating protein; RACE,
rapid amplification of cDNA ends; FISH, fluorescence in situ hybridization; SH3, Src homol-
ogy 3; BCR, breakpoint cluster region.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. Y10388).

†A.B. and S.B. contributed equally to this work.

iTo whom reprint requests should be addressed. E-mail: Fritz.H.Lampert@paediat.med.
uni-giessen.de.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.150079597.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.150079597

9168–9173 u PNAS u August 1, 2000 u vol. 97 u no. 16



oped a striking livid color of the skin with small nodular
infiltrations. Physical examination revealed an slightly enlarged
liver and spleen (2 cm below costal margin). Blood count was
hemoglobin 9.8 gydl, platelets 286,000ym, and leukocytes 19,000
ml. Bone marrow was infiltrated with 3% myelomonocytic blasts.
Subsequently, the amount of blast cells raised up to 40% during
a period of 2 months. Then, the boy was treated according to the
German AML-BFM 93 chemotherapy protocol and received a
bone marrow transplantation (BMT) from an HLA-identical
sibling. He currently is in complete remission 3 years after BMT.
At diagnosis of juvenile myelomonocytic leukemia, cytogenetic
analysis of G-banded preparations detected a clonal
t(5;11)(q31;q23) as the sole karyotype abnormality (Fig. 1a).

5* and 3* Rapid Amplification of cDNA Ends (RACE)-PCR and Nucleotide
Sequencing. We performed RACE-PCR with the Marathon
cDNA amplification kit and nested PCR (CLONTECH) accord-
ing to the manufacturer’s instructions. For the 39 RACE PCR,
we used the two MLL-specific sense primers (MLL 59-
TCATCCCGCCTCAGCCACCTACTACAGGACCGC-39;
MLL 59-CAAGAAAAGAAGTTCCCAAAACCACTC-
CTAGTGAGCC-39) that were located in exon 5 of MLL (23).
The first 250 bp of the human GRAF sequence were used to
construct two GRAF antisense primers (GRAF 59-TGCAG-
GACGGGGGCTTGGAGTCACTGCT-39, GRAF 59-AGCT-

GGGCATTGGTGAGAGGCATATCGGGCACGGTGTT-
39), which were necessary for the 59 RACE-PCR.

RT-PCR and Long-Range PCR. RNA and DNA were either isolated
with the guanidium-isothiocyanat method or with ion exchange
chromatography, respectively. For RT-PCR we denatured 5 mg of
total RNA at 70°C for 5 min. cDNA synthesis was carried out at
42°C for 60 min with 100 pmol of random nucleotide hexamers in
20 ml. For sequence analysis of GRAF in patients with MDSyAML
and del(5q) the entire coding sequence of GRAF was amplified in
five overlapping fragments (C0–C4) by using the oligonucleotides
shown in the supplementary material and Table 1, which are
published on the PNAS web site, www.pnas.org. To increase
specificity we used a seminested PCR approach. The concentration
of each primer was 4 pmol in the first round or 20 pmol in the
second PCR round. Amplification was carried out for 35 cycles with
denaturation at 94°C for 10 sec, annealing at 65°C for 30 sec, and
strand extension for 30 sec at 72°C. We analyzed 4–5 clones of each
patient, except for patients #2 and #12 in whom 20 clones were
sequenced because of the low amount of blast cells in their bone
marrow. Samples that had sequence variations of GRAF were
amplified and cloned a second time to exclude misincorportaion of
nucleotides by Taq polymerase. For the long-range amplification of
the genomic DNA we applied a nested long-range PCR protocol
(24). The primers used for long-range amplification of the normal
MLL allele have been described (25).

Determination of the Genomic MLLyGRAF Fusion by Fingerprinting.
After amplification of both the genomic unrearranged MLL and the
MLLyGRAF fusion by long-range PCR we digested the PCR
products by DdeI or Tru91 (Boehringer Mannheim). The digests
generate protruding 59 ends containing adenosine residues. The
restriction fragments were end-labeled with fluorescein-11-dUTP
(Amersham-Buchler, Braunschweig, Germany). After removal of
unincorporated dUTP with the help of a Nucleotide Removal Kit
(Qiagen, Düsseldorf, Germany) the digested fragments were sub-
jected to GENESCAN analysis (GENESCAN 672 software, Perkin–
Elmer). By comparing the restriction pattern of the normal unre-
arranged MLL and the rearranged MLLyGRAF allele we were able
to localize the chromosomal breakpoints on the genomic DNA level
with a range of 200 bp. The exact fusion sites were determined by
DNA sequencing. The detailed protocol of the fingerprint proce-
dure has been described (25).

RT-PCR, fluorescence in situ hybridization (FISH), Northern
and Southern blot, as well as the immunohistochemical studies
were performed by standard protocols. For detailed description
and PCR primers used for amplification of fragments C0–C4,
see Table 1.

Results
Molecular Analysis of the t(5;11)(q31;q23). Southern blot and FISH
analysis confirmed that the cytogenetically detected
t(5;11)(q31;q23) disrupts the MLL gene (Fig. 1 a–d and see Fig. 9,
which is published as supplemental material). RACE-PCR re-
vealed four clones in which the downstream MLL sequences were
replaced by 250 bp of non-MLL cDNA. By 59 and 39 RACE-PCR
we recovered a full-length cDNA of 3,163 nt with an ORF of 759
aa (GenBank accession no. Y10388). Homology scans indicated
that we identified a member of the Rho family of small GTPases
whose predicted protein is 90% homologous to the product of a
cDNA clone obtained from a chicken library (21). Because the Src
homology 3 (SH3) domain of this particular avian protein mediates
binding to the pp125 focal adhesion kinase (pp125FAK) protein, this
clone was termed GRAF (for GTPase regulator associated with
pp125FAK). The predicted fusion protein consists of the N-terminal
part of MLL and the C-terminal part of GRAF. The ORF of the
chimeric mRNA is maintained and enables the formation of
a chimeric oncoprotein. The MLL part retains the putative

Fig. 1. (a) Partial karyotype showing the normal (outside) and translocated
(inside) homologues of chromosomes 5 and 11. (b) Schematic presentation of
the translocation t(5;11)(q31;q23). (c) As a result of the translocation the
MLL-yeast artificial chromosome clone (red) is split and partly translocated to
chromosome 5 (green painting probe), thus generating signals on both chro-
mosomes 11 as well as on the affected chromosome 5. (d) G-banding of a
representative metaphase from the leukemic clone. (e and f ) Hybridization of
a 1,176-bp clone of the human GRAF gene onto a representative normal
metaphase chromosome confirms its location at 5(q31).
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‘‘AT-hook’’ DNA binding domain and the DNA methyltransferase
motifs present in the MLL amino-terminal region (26, 27). The
GRAF part of the fused gene retains the SH3 domain, but not the
GAP domain. To analyze the second allele of GRAF in the patient
with translocation t(5;11), we sequenced DNA of five individual
clones and found no mutation of the cDNA.

RT-PCR revealed that the fusion mRNA of the MLLyGRAF is
expressed, whereas the reciprocal GRAFyMLL is not (Fig. 2). We
cannot exclude that this negative result on expression of the der(5)
GRAFyMLL fusion transcript is caused by alternative splicing of
the mRNA. With long-range PCR, we were able to amplify an
approximately 13-kb fragment of the MLLyGRAF sequence on the
genomic DNA level in the case with the t(5;11), but in none of four
leukemic cell lines or three healthy individuals. We amplified an
approximately 11-kb long intron of the GRAF gene in which the
break and fusion with MLL took place (Fig. 2B). At the genomic
DNA level, we determined the structure of the MLLyGRAF gene
fusion. At nucleotide 3234 of the breakpoint cluster region (BCR)
of MLL (GenBank accession no. U04737) (23), we found a 1,215-bp
fragment encompassing nucleotide numbers 3205–4420 of the BCR
region of MLL that was inversely inserted between MLL and
nucleotide 4460 of intron 12 of GRAF (Fig. 2C). The DNA
sequence of the genomic MLLyGRAF fusion has been deposited to
the GenBank as well (accession no. AF260130). In contrast to MLL,
there was no duplication or deletion of GRAF intronic sequences
at the MLLyGRAF genomic breakpoint.

Motifs of GRAF and its mRNA Expression in Human Tissues. The search
of the PROSITE database revealed a GAP domain (amino acids
390–538) and an SH3 domain (amino acids 701–759) at the
carboxyl terminus of the protein (Fig. 3). Other homologous
members of the Rho family include the Rho-related GAP
proteins, b-chimerin and BCR (28). Analysis of the human
GRAF protein sequence with the MOTIF software (Oxford
Molecular, Oxford, U.K.) revealed a bipartite nuclear targeting
sequence (amino acids 120–137), 10 potential protein kinase C,
and four cAMPycGMP-dependent protein kinase phosphoryla-
tion sites.

Northern blot analysis of the human GRAF disclosed a major
and a minor transcript with 9.5 and 4.4 kb, respectively (Fig. 4A).
The expression patterns in various normal tissues and cell lines
are shown in Fig. 4. A Zoo blot that was performed with a
1,167-bp clone showed that this gene is conserved in all of the
examined mammalian tissues including monkey, cow, and dog.
The probe did not hybridize to yeast DNA (data not shown).

Immunohistochemical Findings. We tested the specificity of the
polyclonal anti-GRAF antisera ED98015 and ED98016 in frozen
and paraffin-embedded specimens of expressing and nonexpressing
cell lines and tissues. We observed a strong cytoplasmatic labeling
in the transfected cell line KMST6 that was transfected with an
expression vector to overproduce GRAF (Fig. 5A), in the cells of
the islets of Langerhans (Fig. 5K) and in tumor cells from a clear
cell carcinoma of the kidney. Frozen sections and paraffin-
embedded specimens of the mammary gland were only moderately
labeled (Fig. 5 D and E). Negative controls consisted of incubating
the above described cell preparations with both preimmune sera or
with mouse anti-rabbit Ig (Fig. 5 B, C, and F).

GRAF Protein Expression in Human Tissues. The distribution patterns
of GRAF protein in normal human tissues are summarized in Table
2, which is published as supplemental material. In total, more than
1,100 histological structures were analyzed by immunostaining.
GRAF protein was widely expressed in epithelial tissues of the vast
majority of organs. It was not detected in nonvascular supporting

Fig. 2. (A) Results of RT-PCR analyses. Lane M contains a size marker VI
(Boehringer Mannheim). Lanes 1, 4, 7, and 12 are negative controls in which the
cDNA was replaced by sterile water. Normal fragments are obtained from the
patient’s unaffected GRAF allele (lane 2) and from the cell line Mono-Mac6 (lane
3). A MLLyGRAF fusion mRNA is detected in the sample with a t(5;11)(q31;q23)
(lane 5) but not in the cell line lacking this translocation (lane 6). Normal frag-
ments are obtained from the patient’s unaffected MLL allele (lane 8) and the cell
line Mono-Mac6 (lane 9). The additional fragments in lanes 5, 8, and 9 are
generated by MLL splice variants. Further analysis reveals that the reciprocal
GRAFyMLL fragment is neither present in the patient’s sample (lane 10) nor in the
cell line (lane 11). Control amplifications with primers specific for the ABL gene
are shown in lanes 15 (patient sample) and 16 (cell line). (B) Long-range PCR
results of genomic DNA. Lanes M contain the size markers III and VI (Boehringer
Mannheim). Lane 1 is a negative control. A MLLyGRAF fusion product is detected
in the patient with the t(5;11)(q31;23) (lane 2) but not in the control cell line
Mono-Mac6 (lane 3). Lanes 4, 5, 9, and 17 are negative controls. A normal 8-kb
fragment that covers the breakpoint cluster region of the unaffected MLL alleles
in the patient with the t(5;11)(q31;q23) (lane 6), in a healthy individual (lane 7),
and in the Mono-Mac cell line (lane 8) is seen. No reciprocal GRAFyMLL gene
fragment is detected in any of these samples (lanes 10–13), whereas in all of them
an approximately 13-kb long intron of GRAF becomes evident (lanes 14–16). (C)
Sequence and schematic representation of the inverted duplication of MLL
within the genomic MLLyGRAF fusion. Numbering of nucleotides within the
breakpoint region of MLL according to ref. 23. The horizontal arrows indicate the
positions of the primers used for amplification of the genomic MLLyGRAF fusion
seen in lane 2 of B.

Fig. 3. Schematic diagram of partial human GRAF protein.

Fig. 4. (A) Northern blot analysis of poly(A)1 mRNAs derived from various
normal human tissues and cancer cell lines (B). (C) The GRAF gene is only
weakly expressed in various hematopoietic and immune system tissues. A
control hybridization with b-actin is shown in the bottom row.
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and connective tissue of mesenchymal origin, white adipose tissue,
the stromal cells of many organs, hyaline cartilage, and, surprisingly,
the myelo- and lymphopoeitic cell system. In contrast, we noticed
a cytoplasmatic expression in the erythropoeitic cell lineage. For
further details see the supplemental material.

Chromosomal Assignment of the GRAF Gene to 5(q31) and FISH
Analysis of Patients with 5q Abnormality. Hybridization of a
1,167-bp cDNA clone of the human GRAF gene onto normal
metaphase chromosomes confirmed its position at 5(q31) (Fig.
1 e and f ). Previously, two contig maps of the smallest commonly
deleted region of 5q31 in malignant myeloid disorders (20) as
well as the distinct classical 5q syndrome (14) were published.
We were unable to find GRAF sequences in any of the following
P1 artificial chromosome PACyP1 and yeast artificial chromo-
some clones that have been used to delineate this particular
deleted regions: P299F9, P244J5, P161J9, P14O2, 186K10,
P86A12, P103F16, P13P5, P235N5, P273E22, P36N17, P38I10,
P133 M3, 939F12, 816D6, 745D10, 936H1, 939A5, 632E12,
888E12, 743H4, 848D1, 370A8, 176D1, 335D9, 187D16, 204O11,
267F5, 11N14, and 54D23.

To assess the loss of GRAF in hematologic neoplasms with a
cytogenetically proven 5q deletion, we performed FISH on bone

marrow cells of 10 patients with either MDS (five cases) or AML
(five cases) (for cytogenetic details see Table 3, which is published
as supplemental material). Three patients had a deletion as the sole
karyotype abnormality, and seven patients had complex karyotype
changes. For FISH on patient’s material we used the P1 clone
L0649Q8 that, as confirmed by Southern blot and PCR analyses,
contains the GRAF gene and maps to 5q31 (data not shown). We
found that in these 10 patients one allele of GRAF was consistently
lost in more than 75% of cells. In addition, we found three patients
with AML in whom the 5q deletion was not apparent cytogeneti-
cally (patients 11–13, Table 3), because it was either too small or
obscured by the complex karyotype changes. However, the fact that
only one GRAF signal was detected in patients 11–13 by FISH
indicates that this gene region was definitely deleted.

Disruption of the Second GRAF Allele in Three Patients with 5q
Deletions. To search for possible mutations in the residual GRAF
allele, we sequenced the entire cDNA of bone marrow samples
of all 13 patients. In consideration of the possibility that such

Fig. 6. (A) Insertion of 52-bp (capital letters) derived from intron 13 into the
final cDNA found in patient #7. The surrounding intronic sequences are shown in
lowercase letters.This leadstoareadingframeshift followedbyaprematurestop
codon. The GAP domain of Graf is substantially shortened. The intronic regions
that were sequenced in patient #7 and 12 healthy controls are indicated by
arrows. The splice branch site consensus sequence is shown as follows: Y repre-
sentsTorC,ReitherAorG. (B) Schematic representationofbothcDNAfragments
thatwerecoamplifiedbyuniversalprimers Iand IVforassessmentoftheir relative
amount. Primers II and III amplify the aberrantly spliced fragment only. (C) Nested
PCR analysis using the first-round primers I and IV and the second-round primers
IIand III.M,molecularweightmarker.Lane1,negativecontrol. Fourof15healthy
blood donors expressed the aberrantly spliced fragment in their mononuclear
cells (lanes 2 and 4–6) because a faint PCR product was seen. Lane 12, positive
control. (D) Single-round PCR analysis using primers I and IV. Lane 6, two differ-
ently sizedPCRproductsare seenfromthecDNAofpatient#7evenafteronlyone
round of PCR. Positive plasmid controls containing the 52-bp insertion (lane 12)
ornot (lane13). IneachRT-PCR,2mgoftotalRNAwassubjectedtocDNAsynthesis
and processed in parallel.

Fig. 5. Human GRAF protein in a cell line and paraffin-embedded specimens.
Specificity of the anti-GRAF antiserum tested with KMST6 cells. Strong label-
ing of transfected KMST6 cells with ED98016 (A). No labeling was observed
with preimmune serum (B) and in untransfected KMST6 cells (C). Human GRAF
protein in epithelial cells. Nuclear and cytoplasmatic immunoreactivity in
ductal and acinary cells of the mammary (D and E), negative control (F). Weak
GRAF staining in squamous epithelial cells of the skin and strong staining in
the stratum corneum of the skin (G). Strong GRAF protein expression in
ganglion cells (H). No staining of GRAF in lymphocytes and germinal center
cells of a lymph node (I). Large amounts of GRAF protein were detected in
insulin-producing b cells within the islets of Langerhans as detected by im-
munohistohemical single and double-staining: GRAF-staining APAAP red (K),
insulin-staining LSAB brown (L), and red-brown staining product indicating
strong GRAF (red) expression in insulin (brown) containing B cells (M). Original
magnifications: 3100 A–C; 340 D–M.
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mutations might be restricted to the comparatively small blast
cell population, we cloned the GRAF cDNA in five overlapping
fragments and sequenced 4–5 independent clones.

The point mutations resulted in amino acid changes of the
GAP domain. In patient #5 it was an A to G exchange at
nucleotide 1255 that substitutes a serine for an asparagine at
amino acid 417. Because we did not detect this point mutation
in 15 healthy controls, it is most likely not an polymorphism.

In the leukemic cells of two patients, the cDNA of the residual
GRAF allele was compromised by a 52-bp or 74-bp insertion
(Table 3). The insertions occurred at the splice junction of exons
12 and 13 (52 bp, patient #7) and exons 15 and 16 (74 bp, patient
#3) (Fig. 6A). The respective exonyintron boundaries are lo-
cated at nucleotides 1290y91 and 1993y94. In both cases, the
insertion leads to a reading frame shift that generates a stop
codon. The predicted truncated GRAF protein of patient #7
lacks almost the entire GAP domain and therefore is most likely
not functional. The 52-bp insertion originates from a 524-bp long
sequence that is upstream of the 39 splice site of the adjacent
nearly 13-kb long intron (Fig. 2B, lanes 14–16, and Fig. 6A). We
sequenced the entire intron and found that its sequence (reverse
complement) corresponds to nucleotides 32086–44631 of the
bacterial artificial chromosome clone 118L13 (GenBank acces-
sion no. 005348). The 52-bp insertion (for sequence see Fig. 6A)
derives from nucleotides 32560–32611 of 118L13. Because it is
embedded in perfect splice donor and acceptor sites, it most
likely results from aberrant splicing. Using chimeric RT-PCR
primers (II and III in Fig. 6B) that specifically amplify the
aberrantly spliced fragment, we found a faint band in the blood
DNA from healthy donors with a nested PCR only (Fig. 6C). We
tried to semiquantitatively assess the relative amount of inserted
versus normal RNA in 15 healthy volunteers. For this purpose,
we applied a competitive RT-PCR assay with fluorescence-
labeled universal primers (I, IV) that share primer-binding sites
of both fragments. In this competitive RT-PCR, the smaller,
regularly spliced normal GRAF mRNA that does not contain the
52-bp insertion is preferably amplified and results in an overes-
timation of the normal GRAF mRNA product. As expected, we
found only the regularly spliced fragment in the healthy volun-
teers. In contrast, both the normal and aberrantly spliced
fragments were present in an approximately equal amount in

patient #7 (lane 6 in Fig. 6D and lane 2 in Fig. 7). In support of
this finding, two of four sequenced GRAF cDNA-clones har-
bored the 52-bp insertion. The more abundant generation of the
mRNA with the 52-bp insertion in this particular patient might
result from a sequence variation at the intronic branch point or
the 39 polymidine tract. Because sequence analysis of 400 bp of
the respective intron did not reveal any alteration in 10 individual
clones from the patient as well as in 12 healthy controls, the
pathogenetic mechanism leading to this aberrantly spliced
mRNA remains unexplained. The 74-bp insertion of patient #3
is located in the 60-kb long intron between exons 15 and 16.
Databank searches revealed that the 74-bp sequence corre-
sponds to nucleotides 128142–128215 of the human bacterial
artificial chromosome clone 205e20. In accordance with the
other patient, we identified the splice donor and acceptor sites
at the insertion boundaries as well as potential lariat branch-
point sequences. Three of five sequenced clones carried this
insertion that presumably generates a stop codon. The predicted
protein lacks the SH3 domain of GRAF that was shown to be
necessary for the interaction with the focal adhesion kinase (21).

Discussion
We have isolated and characterized a MLL fusion partner,
GRAF, by cloning the breakpoints of a t(5;11)(q31;q23) that had
occurred in an infant with juvenile myelomonocytic leukemia.
Similar translocations were previously reported in only five
patients with leukemia (29–32), whereas the involvement of

Fig. 8. Hypothetical model about the role of GRAF in RAS-mediated signal-
ing. MAPK, mitogen-activated protein kinase.

Fig. 7. GENESCAN analysis of single-round PCR products using
universal primers I and IV. Lane 2, two PCR products of 207 bp
and 259 bp were obtained from patient #7. Lanes 1 and 3–5,
PCR products derived from healthy volunteers showing only
the 207-bp fragment. Lanes 6 and 7, positive controls.

9172 u www.pnas.org Borkhardt et al.



MLL was analyzed by FISH in only one of them (29). GRAF is
a GAP-encoding gene. It is highly homologous to the only other
GAP-encoding gene currently known, BCR, which also is in-
volved in a leukemia-associated chromosomal translocation.
BCR is fused to ABL in the t(9,22)(q34;q11) that typically occurs
in chronic myeloid and acute lymphoblastic leukemias. Interest-
ingly, the functionally important GAP domain is lost in both the
predicted hybrid proteins BCRyABL and MLLyGRAF.

The GRAF gene is the human homologue of a recently
isolated avian cDNA. It encodes the first known regulator of the
Rho family of small GTPases that binds to a tyrosine kinase (21,
28). The Rho family belongs to the RAS superfamily and consists
of five distinct types of GTP-binding proteins: RhoA, RhoB,
RhoC, and RhoD; Rac1 and Rac2; Cdc42 and G25K; TC10, and
RhoG (28, 33, 34). Rho, Rac, and Cdc42 regulate the organi-
zation of the actin cytoskeleton. They control the assembly of
actin stress fibers and focal adhesion complexes that anchor the
actin cytoskeleton to the plasma membrane. Rho family GT-
Pases also play a role in the regulation of growth control, because
each of the three GTPases (Rho, Rac, and Cdc42) can induce
Swiss 3T3 cells to progress through G1 and to enter the S phase
(35). Conversely, inhibitors of Rho, Rac, and Cdc42 block
serum-induced DNA synthesis. The avian GRAF protein binds
to the C-terminal domain of pp125FAK, one of the tyrosine
kinases predicted to be a critical component of the integrin
signaling transduction pathway, in a SH3 domain-dependent
manner and stimulate the GTPase activity of the GTP-binding
protein RhoA. Thus, GRAF acts as a negative regulator of
RhoA. Olson and colleagues found recently that RhoA sup-
presses p21 (36), a well-known inhibitor of the cell cycle, when
cells are transformed by oncogenic RAS (37–39). This obser-
vation leads to the simple but attractive hypothesis that the loss
of function of GRAF prevents the physiologic down-regulation
of RhoA. Thus, the mitigation or elimination of the negative
regulatory function of the GRAF may lead to the repression of
p21. If so, the GRAF-defective cell will be driven into the S
phase (Fig. 8.). The first preliminary evidence as to how GRAF
itself is regulated was provided by Taylor et al. (40), who found
that GRAF is an in vivo target for mitogen-activated protein
kinase.

GRAF maps telomeric to the previously delineated commonly
deleted 5(q31) region and therefore cannot be considered to be
the long searched tumor suppressor gene whose functional

elimination supposedly triggers the development of MDS and
AML. However, the rather heterogeneous extensions of such 5q
deletions probably delete several different genes that might be
pathogenetically relevant for the initiation and progression of
these diseases. In support of the potential tumor suppressor
function of GRAF, we detected functionally relevant sequence
alterations in the residual allele in three of 13 samples in which
the other allele was deleted. In patient #5, the asparagine at
position 417 corresponds to position 241 of the partial clone of
the chicken GRAF (asparagine) and position 90 of p50RhoGAP
(threonine), the GAP that interacts with Rho family proteins.
Analysis of the crystal structure of RhoA and p50RhoGAP
revealed that Thr-90 is involved in hydrogen-boding interaction
between RhoGAP and RhoA (41).

We found a ‘‘cryptic out of frame’’ splicing that prematurely
truncates the translation of the GRAF protein in patients #3 and
#7. The detection of the truncated GRAF protein was not
possible with the use of our polyclonal anti-GRAF antisera
ED98015 or ED98016. They only bind to the C terminus of
GRAF that is not translated in the leukemic cells of both
patients. Although traces of these aberrantly spliced transcripts
also were detected in the peripheral blood of healthy controls
with nested PCR and insertion-specific primers, their levels were
significantly higher in the leukemic samples. This shift in the
relative amount of transcripts must result from an alteration that
promotes such cryptic splicing in the neoplastic cells. However,
the molecular basis for this phenomenon remains unclear,
because the motifs that are responsible for correct splicing (39
polymidine tract, branch point lariat sequence, and donor and
acceptor sites) were preserved in the samples.

Further experiments are needed to clarify the relationship be-
tween RhoA, p21, and GRAF in the context of development of
leukemias and probably other tumors. However, based on the fact
that GRAF does not lie within the previously defined commonly
deleted region of chromosome 5q31 and that the majority of our
cases displayed the GRAF wild-type sequences within their second
GRAF allele we conclude that the loss of genes other than GRAF
are of importance in the development of leukemias and del(5q) as
well.
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by Dr. Bryan Young (St. Bartholomew’s Hospital, London). This work
was supported by grants from the Deutsche Forschungsgemeinschaft
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